A proangiogenic role for Jagged (JAG)-dependent activation of Notch signaling in the endothelium has yet to be described. Using proteins that encoded different Notch1 EGF-like repeats, we identified unique regions of Delta-like ligand (DLL)-class and JAG-class ligand-receptor interactions, and developed Notch decoys that function as ligand-specific Notch inhibitors. N1 10-24 decoy blocked JAG1/JAG2-mediated Notch1 signaling, angiogenic sprouting in vitro, and retinal angiogenesis, demonstrating that JAG-dependent Notch signal activation promotes angiogenesis. In tumors, N1 10-24 decoy reduced angiogenic sprouting, vessel perfusion, pericyte coverage, and tumor growth. JAG-Notch signaling uniquely inhibited expression of antiangiogenic soluble (s) VEGFR1/sFLt1. N1 1-13 decoy interfered with DLL1-DLL4-mediated Notch1 signaling and caused endothelial hypersprouting in vitro, in retinal angiogenesis, and in tumors. thus, blockade of JAG-or DLL-mediated Notch signaling inhibits angiogenesis by distinct mechanisms. JAG-Notch signaling positively regulates angiogenesis by suppressing sVEGFR1-sFLt1 and promoting mural-endothelial cell interactions. Blockade of JAG-class ligands represents a novel, viable therapeutic approach to block tumor angiogenesis and growth. SIGNIFICANCE: this is the first report identifying unique regions of the Notch1 extracellular domain that interact with JAG-class and DLL-class ligands. Using this knowledge, we developed therapeutic agents that block JAG-dependent Notch signaling and demonstrate for the first time that JAG blockade inhibits experimental tumor growth by targeting tumor angiogenesis. Cancer Discov; 5(2); 1-16.
february 2015 CANCER DISCOVERY | OF2 iNtrODUctiON Tumor angiogenesis is regulated by a variety of signaling pathways, some of which are validated targets of antiangiogenic therapies. Molecular and genetic studies reveal that NoTch signaling regulates cell fate, proliferation, differentiation, and apoptosis, depending on the cellular context. In the endothelium, delta-like 4 (dll4)-NoTch signaling suppresses endothelial cell proliferation, migration, and sprouting (1-3). Agents that block gamma-secretase activity, required for NoTch signal activation, or that block dll4, disrupt tumor angiogenesis (4-6) but have toxicities that may limit their utility (5) (6) (7) .
NoTch proteins and their ligands interact on neighboring cells requiring direct cell-cell contact. The highly conserved mammalian Notch gene family encodes transmembrane receptors NoTch1, NoTch2, NoTch3, and NoTch4. The ligands for NoTch are transmembrane proteins of two classes: Jagged ligands (JAg) JAg1 and JAg2, and delta-like ligands (dll) dll1, dll3, and dll4. Upon ligand activation, a cleaved NoTch intracellular domain is released by a gammasecretase-dependent proteolytic cleavage and transits to the nucleus, where it converts the cBF1, Suppressor of hairless, lAg-1 (cSl) transcriptional repressor to an activator (8) . The human NoTch1 extracellular domain comprises 36 EgF-like repeats. NoTch ligands share a conserved degenerate EgFlike repeat, the delta/Serrate/lAg-2 (dSl) domain, which is required for ligand binding to NoTch (9, 10) , followed by an EgF-like repeat region that varies; JAgs have 16 EgF-like repeats, and dlls contain 8 or fewer. NoTch EgF-like repeats 11 and 12 and the dSl domain of ligands are necessary for NoTch interaction with all ligands (11, 12) . It is unknown whether there are distinct NoTch EgF-like repeats that interact with dll-class versus JAg-class ligands, and this gap in knowledge has limited our understanding of ligand-specific interactions that elicit unique NoTch signaling outcomes.
NoTch proteins and ligands are upregulated in several cancers, and the roles of NoTch signaling in tumor cells include both tumor-promoting and tumor-suppressing activities, depending on the tumor type (13, 14) . Previous studies have established a key role for dll4-NoTch signaling in tumor angiogenesis, as reviewed in ref. 15 . dll4 blockade inhibits tumor growth by dysregulating tumor angiogenesis, characterized by increased endothelial cell proliferation and a hypersprouted but nonfunctional tumor vasculature (5, 6) . dll4/NoTch function in angiogenesis involves an intricate cross-regulation of NoTch and VEgF signaling pathways. VEgF induces expression of NoTch1, NoTch4, and dll4 (16) (17) (18) . NoTch activation reduces expression of VEgFR2 but increases expression of VEgFR1 (19, 20) . In endothelial cells, VEgFR3 can be either induced (20, 21) or reduced (22) by NoTch signaling. In murine retinal angiogenesis, dll4 and JAg1 have unique activities in the endothelium, as loss-of-function experiments result in distinct phenotypes. dll4 heterozygotes display angiogenic hypersprouting, whereas endothelial-specific loss of JAg1 impairs retinal angiogenesis (23, 24) .
We have created soluble NoTch inhibitors consisting of different EgF-like repeats of the NoTch1 extracellular domain fused to human Igg Fc (NoTch1 decoy). A human NoTch1 decoy with all 36 EgF-like repeats functioned similarly to a rat NoTch1 decoy that inhibits JAg1, dll1, and dll4 (25) . We asked whether NoTch1 decoys that incorporate distinct NoTch1 EgF-like repeats would differentially antagonize NoTch ligand classes. NoTch1 decoy variants were identified that selectively inhibited dll-class versus JAg-class NoTch ligands, providing the first delineation of ligand-specific interaction domains in human NoTch1. NoTch1 decoy variants were evaluated for effects on in vitro, retinal, and tumor angiogenesis. A NoTch1 decoy variant that interferes with JAg1 and JAg2 reduced NoTch1 signaling, blocked angiogenic growth in retinas and tumors, and reduced tumor growth. Furthermore, JAg blockade specifically increased antiangiogenic soluble VEgFR1 (sVEgFR1/ sFlT1) levels and disrupted pericyte coverage, providing a mechanism by which JAg blockade disrupts tumor growth. A NoTch1 decoy variant that interfered with dll1 and dll4 caused a hypersprouting phenotype, promoted dysfunctional tumor angiogenesis, and inhibited tumor growth.
resUlts

NotCh1 Decoy Variants Define Unique JAG and Dll Interaction Domains
We developed a human NoTch1 decoy (N1 1-36 decoy), encoding the 36 extracellular EgF-like repeats of human NoTch1 fused to human Iggγ heavy chain (Fc) and variants consisting of EgF-like repeats 1 to 13 (N1 1-13 ) or 1 to 24 (N1 1-24 ; Fig. 1A ) and tested their ability to interfere with ligand-specific NoTch activation. These N1 decoy variants were secreted from 293T cells into the media (Fig. 1B) . The inhibitory activity against specific NoTch ligands, dll4 and JAg1, was assessed using a NoTch/cSl reporter assay. hela cells expressing either dll4 or JAg1, and individual N1 decoy variants or Fc, were cocultured with hela cells expressing fulllength rat NoTch1 and a cSl-luciferase reporter. compound E, a gamma-secretase inhibitor (gSI), was used as a control for NoTch1 signal inhibition at a concentration of 200 nmol/l. Expression of N1 1-24 and N1 1-36 decoys significantly blocked both dll4-and JAg1-induced NoTch1 signaling ( Fig. 1c  and d ). N1 1-13 decoy inhibited dll4-induced NoTch1 signaling but not JAg1-mediated NoTch1 signaling ( Fig. 1c and  d) . Thus, N1 1-24 and N1 1-36 decoys acted as pan-ligand inhibitors, blocking both dll4 and JAg1, whereas N1 1-13 decoy inhibited only dll4 and was insufficient for blocking JAg1.
Based upon the activity of N1 1-13 decoy, we hypothesized that EgF-like repeats downstream of repeat 13 have a role in productive JAg1-NoTch1 signaling, and thus created N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and N1 10-36 decoy variants (Fig. 1E) . It has been demonstrated that EgF-like repeats 11 and 12 are necessary for functional and physical interaction between NoTch and its ligands (11, 26) . To further assess the importance of EgF-like repeats 11 and 12, we generated N1 decoys encoding EgFlike repeats 14 to 24 (N1 [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ) and 14 to 36 (N1 ). These N1 decoy variants were secreted from 293T cells (Fig. 1F) . We probed for their inhibitory activity against dll4-NoTch1 and JAg1-NoTch1 signaling. N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and N1 10-36 decoys did not inhibit dll4-mediated NoTch1 signaling, indicating that EgF-like repeats 1 to 9 are required for dll4-NoTch interactions (Fig. 1g) . In contrast, N1 10-24 decoy significantly blocked JAg1-induced NoTch1 signaling (Fig. 1h) . N1 decoy did not inhibit JAg1, possibly due to its poor secretion. N1 [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and N1 14-36 decoys did not block NoTch1 signaling via either dll4 or JAg1 (Fig. 1g and h ), demonstrating that EgF-like repeats 10 to 13 are critical for JAg1-NoTch interaction. We broadened our analysis to include all known activating NoTch ligands. We found that N1 1-13 decoy blocked dll1-NoTch1 signaling ( Supplementary Fig. S1A ) but not JAg2-NoTch1 signaling ( Supplementary Fig. S1B ). N1 10-24 decoy did not block dll1-NoTch1 signaling (Supplementary Fig. S1c ) and blocked JAg2-NoTch1 signaling ( Supplementary Fig. S1d ). N1 1-24 decoy and N1 1-36 inhibited both dll1 and JAg2 activation of NoTch1 (Supplementary Fig. S1A and S1B). Thus, ligand specificity for N1 1-13 decoy and N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] decoy was also observed with dll1 and JAg2.
A dose-response analysis of N1 1-13 decoy protein purified from conditioned media produced by chinese hamster ovary (cho) cell clones showed that N1 1-13 decoy preferentially inhibited dll4 activation of NoTch1, and inhibited JAg1 activation of NoTch1 only at a high dose of 50 μg/ml (Supplementary Fig. S2A and S2B ). N1 1-24 decoy protein was able to inhibit both dll4 and JAg1 activation of NoTch1 at all concentrations ( Supplementary Fig. S2c and S2d). Thus, at high doses, the N1 1-13 decoy was less discriminatory, which is consistent with the role of NoTch1 EgF-like repeats 11 and 12 in interactions with dll and JAg ligands. We conclude that N1 1-13 decoy functions as a dose-dependent, selective dll-class ligand inhibitor, and N1 10-24 decoy functions as a JAg-class ligand inhibitor.
To confirm binding specificity, N1 decoys and full-length FlAg-tagged NoTch ligands dll4 and JAg1 were coexpressed in 293T cells and coimmunoprecipitations performed ( Fig. 2A) . N1 1-13 decoy coimmunoprecipitated with dll4, but not JAg1. N1 10-24 decoy coimmunoprecipitated with JAg1, but not dll4. N1 1-24 decoy coimmunoprecipitated with both dll4 and JAg1. Similar ligand specificity of the decoys was observed when binding assays were done with soluble ligands lacking transmembrane and cytoplasmic domains ( Supplementary Fig. S3 ). Full-length NoTch1 did not coimmunoprecipitate with N1 decoys (Fig. 2B) , demonstrating that N1 decoys do not bind receptors. We conclude that N1 decoys function to block ligand-specific NoTch signaling by competitively binding the extracellular domains of dll-class or JAg-class ligands.
NotCh1 Decoy Variants have Unique Effects on Angiogenesis In Vitro
To determine the angiogenic effects of N1 decoys, we used an in vitro angiogenesis assay in which human umbilical vein endothelial cell (hUVEc)-coated collagen/dextran beads are (N1 1-24 ), or repeats 1 to 13 (N1 1-13 ) are fused in frame with human IgG Fc. E, EGF-like repeats 10 to 36 of human Notch1 (N1 ), repeats 14 to 36 (N1 ), repeats 10 to 24 (N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ), or repeats 14 to 24 (N1 [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ) are fused in frame with human IgG Fc. EGF-like repeats 11 and 12 indicated with shading. B and F, N1 decoy variants expressed in 293t cells detected from total cell lysates and supernatant by immunoblotting with an anti-human Fc antibody. C, D, G, and h, Notch signal activation measured in heLa cells expressing full-length rat Notch1, N1 decoys, and 11cSL-Luc cocultured with heLa cells expressing Notch ligands. coculture assays were performed in triplicate and repeated three times. Mean luciferase fold induction ± SD; *, P < 0.002 and **, P < 0.005. Lysates immunoprecipitated with anti-Fc or anti-FLAG antibodies or total cell lysates were immunoblotted with anti-Fc or anti-FLAG antibody. B, N1 decoys and full-length rat Notch1 were cotransfected in 293t cells. Lysates immunoprecipitated with anti-Fc or anti-Notch1 antibodies or total cell lysates were immunoblotted with anti-Fc or anti-Notch1 antibody. Anti-Notch1 antibody recognizes full-length rat Notch1 and furin-cleaved rat Notch1 (arrows) as well as endogenous furin-cleaved human Notch1 (arrowhead). these assays were repeated twice. DLL4  JAG1  DLL4  DLL4  DLL4  JAG1  JAG1  JAG1  ---DLL4  JAG1  DLL4  DLL4  DLL4  JAG1  JAG1  JAG1  ---1-13 10-24 1-24 -1-13 10-24 1-24 -
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embedded in fibrin (27) . In response to angiogenic factors secreted by a fibroblast feeder layer, hUVEcs sprout from the bead to form branched, lumenized sprouts. The sprouts formed by hUVEcs expressing Fc or N1 decoys were evaluated on day 7. In the Fc control, endothelial cell sprouts merged to form multicellular, branched, and lumen-containing vascular networks (Fig. 3A) . hUVEcs expressing N1 1-13 decoy had a hypersprouting phenotype characterized by increased branch points, as seen by a 76% increase in the number of branch points over control ( Fig. 3A and B). The N1 1-13 decoy phenotype is consistent with attenuation of dll4-NoTch signaling, as has been shown using an anti-dll4 antibody (5). In contrast, hUVEcs expressing N1 10-24 and N1 1-24 decoys showed reduced network formation compared with control ( Fig. 3A and B). N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and N1 1-24 decoy hUVEcs exhibited stunted sprouts and a 40% and 68% decrease in the number of branch points, respectively (Fig. 3B) . Thus, JAg blockade resulted in an antiangiogenic response, and this effect dominated over dll inhibition when using the pan-ligand inhibitor N1 1-24 decoy.
NotCh1 Decoy Variants have Unique Effects on Murine Retinal Angiogenesis
To determine how ligand-specific NoTch inhibition affects developmental angiogenesis, we assessed N1 decoy treatment during murine retinal angiogenesis, where dll4/NoTch function is well understood (2, 3) . The effects of circulating N1 decoys on target tissues were assessed using injected adenoviruses that expressed N1 decoy proteins. To deliver N1 decoy to the bloodstream, adenovirus vectors expressing N1 decoys or Fc were injected into murine neonates, leading to hepatocyte infection and decoy secretion into circulation. All N1 decoys were detected in serum by Western blot analysis at time of retina collection ( Supplementary Fig. S4 ). N1 1-13 decoy significantly increased retinal vascular density ( 
Research. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] decoy reduced blood vessel density in the retina ( Fig. 3c and  d ). N1 1-24 decoy increased retinal vasculature density ( Fig. 3c and d), indicating that it predominantly functions as a dll4 antagonist in murine retinal angiogenesis. This is in contrast with the predominant function of N1 1-24 decoy during in vitro sprouting, in which it acts as a JAg antagonist ( Fig. 3A and B) .
JAg1 plays a role in recruitment of vascular smooth muscle cells to arteries (23, 24), a role that we evaluated in retinas of mice treated with N1 decoys. A decrease in α-smooth muscle actin (αSMA)-expressing vascular smooth muscle cell coverage was observed in neonate retinas on the arteries in N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and N1 1-24 decoy-treated groups (Fig. 3E , quantified in Supplementary Fig. S5A ), a phenotype also seen in endothelialspecific Jag1-mutant mice (23, 24). Vascular smooth muscle cell coverage of the N1 1-13 decoy-treated group was similar to the Fc-treated group, indicating that, whereas the effect of N1 1-24 decoy on sprouting represents dll signaling inhibition, its effect on smooth muscle cell coverage represents JAg signaling inhibition. No significant effects on smooth muscle cell coverage were observed when the N1 decoys were administered to adult mice ( Supplementary Fig. S5B ), suggesting that the effect of decoy-mediated inhibition is limited to periods of active angiogenesis.
NotCh1 Decoys Inhibit tumor Growth and Angiogenesis by Unique JAG-Dependent versus Dll-Dependent Mechanisms
Previous work has shown that NoTch inhibition can disrupt tumor growth and angiogenesis (5, 6, 25, 28, 29) . however, ligand class-specific blockade has yet to be assessed. We hypothesized that the diverse ligand-inhibitory activities of N1 decoy variants would have distinct antiangiogenic and antioncogenic efficacies.
We tested the in vitro effects of N1 decoys (N1 1-13 , N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , and N1 1-24 decoys) on colony formation, proliferation, and apoptosis of four different tumor cell lines, Mm5MT-FgF4 (mouse mammary tumor; ref. 25 To evaluate N1 decoys in tumors in vivo, we performed xenograft studies using the four different tumor cell lines. our goal was to evaluate N1 decoys as therapeutic proteins. The adenoviral expression system was used to allow N1 decoy proteins to be delivered to tumors, simulating the effects of protein delivery via circulation. Adenoviruses encoding N1 decoys were administered to nude mice 3 days after subcutaneous tumor implantation, and decoy proteins were detected in the serum from 2 days after injection until time of sacrifice at day 21 ( Supplementary Fig. S7A ). Using a human Fc ElISA, we found varying serum levels of N1 decoys, with the larger N1 1-24 and N1 1-36 decoys secreted into the serum at lower levels than the N1 1-13 and N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] decoys ( Supplementary   Fig. S7B ). All N1 decoys tested significantly decreased growth of Mm5MT-FgF4, llc, and B16-F10 tumors, whereas only N1 10-24 and N1 1-24 decoys inhibited the growth of KP1-VEgF tumors (Fig. 4A) .
We sought to determine how blockade of dll-class versus JAg-class NoTch ligands affected tumor angiogenesis, and found that the different N1 decoys had distinct effects. N1 1-13 decoy significantly increased endothelial cell density in all tumor models (Fig. 4B and c) , similar to the effect seen with dll4 blockade (5) . In contrast, tumors from the N1 10-24 and N1 1-24 decoy groups had decreased endothelial cell density (Fig. 4B and c) . In the Mm5MT-FgF4 model, vessel perfusion was determined by lectin perfusion followed by endomucin staining of the tumor endothelium. The different N1 decoys all caused reduced tumor perfusion in Mm5MT-FgF4 tumors, with perfusion relative to control decreased 72% (N1 1-13 ), 90% (N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , and 84% (N1 1-24 ; Fig. 5A ). consistent with poor perfusion, N1 decoy-treated tumors had increased hypoxia (Fig. 5B) . Tumor perfusion and hypoxia were quantified ( Fig.  5c and d) and were found to be significantly different from control. To evaluate vessel regression, tumors were immunostained for endomucin and collagen IV, to detect areas where a collagen sleeve remains after endothelial degeneration. collagen IV deposition was increased in N1 1-13 decoy-treated tumors and reduced in N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and N1 1-24 decoy tumors (Fig.  5E ). When normalized to endomucin staining, however, there was no difference between Fc groups and N1 decoy-treated groups (Fig. 5F ), indicating that the reduced tumor vasculature in N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and N1 1-24 decoy tumors was not due to vessel regression. We conclude that blockade of dll-class versus JAg-class NoTch ligands had opposing effects on tumor vessel density, but uniformly reduced tumor perfusion and increased hypoxia. In tumor angiogenesis, N1 1-24 decoy behaved as a JAg-class inhibitor, consistent with the results when assessed in vitro (Fig. 3A and B) .
As N1 decoys affected mural cell coverage during retinal angiogenesis (Fig. 3E) , we evaluated mural cell coverage of N1 decoy-treated Mm5MT-FgF4 tumor vasculature, which is rich in Ng2-positive pericytes. Tumor sections were immunostained for endomucin and Ng2 or αSMA to visualize pericytes and vascular smooth muscle cells, respectively. Relative to the Fc group, N1 1-13 decoy did not alter pericyteendothelial association, and pericyte vascular coverage was unchanged ( Fig. 5g and h) . In Fc tumors, Ng2-positive pericytes were closely associated with endothelial cells (Fig. 5h) . In contrast, pericytes were disassociated from endothelial cells in N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and N1 1-24 decoy-treated tumors (Fig. 5h) . N1 1-13 decoy-treated tumors showed increased overall presence of Ng2-positive cells, whereas N1 10-24 and N1 1-24 decoy-treated tumors showed decreased overall Ng2-positive cells (Supplementary Fig. S8A ). When normalized to endothelial content, N1 10-24 decoy-treated tumors alone displayed reduced pericyte vascular coverage relative to control (Fig. 5g) . Assessment of larger vessels in the tumors revealed reduced vascular smooth muscle αSMA immunostaining in N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and N1 1-24 decoytreated tumors ( Supplementary Fig. S8B and S8c). Thus, in tumor angiogenesis, dll-class inhibition had no apparent effect on vascular mural cells, whereas blocking JAg-class ligands via N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Research. 
JAG and Dll Differentially Regulate sVEGFR1/Soluble Flt1
We explored the mechanisms by which dll-and JAg-specific N1 decoy variants elicited their distinct effects in endothelial cells. hUVEcs were infected with lentiviruses encoding Fc, N1 1-13 , N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , or N1 1-24 decoys, and the effects on endothelial NoTch downstream targets determined. Expression of N1 1-13 , N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , and N1 1-24 decoys and JAg1 knockdown (J1Kd) suppressed the expression of hEY1, hEYl, and hES1 (Fig. 6A) , direct targets of NoTch/cSl transactivation (30) . Unlike N1 decoys that are able to block dll-class ligands, neither N1 10-24 decoy nor J1Kd reduced hEY2 transcripts (Fig. 6A) .
NoTch signaling regulates VEgF signaling in endothelial cells, largely through the regulation of VEgF receptor expression (15) . Quantitative RT (qRT)-PcR and FAcS was performed to determine the effect of N1 decoys or J1Kd on VEgF receptors. In hUVEc, N1 1-13 , N1 10-24 , N1 1-24 decoys and J1Kd increased VEgFR2 expression (Fig. 6B ) and significantly decreased VEgFR3 expression (Fig. 6c) .
Inhibition of dll-class or JAg-class NoTch signaling differentially regulated VEgFR1 expression. N1 1-13 and N1 1-24 decoys decreased VEGFR1 transcripts. conversely, N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] decoy or J1Kd increased VEGFR1 transcripts (Fig. 6d) . however, VEgFR1 surface expression was not increased in N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] decoy or J1Kd hUVEc (Fig. 6d) . VEgFR1 exists as two splice variants that produce either a transmembrane receptor (VEgFR1) or a soluble protein (sVEgFR1/sFlT1). Using PcR primers specific for sVEGFR1/sFlt1 transcripts, we found that N1 10-24 decoy or J1Kd significantly increased sVEGFR1/ sFlt1 transcripts (Fig. 6E) . The pan-ligand inhibitor N1 1-24 decoy also increased sVEgFR1/sFlT1 expression in hUVEc, though to a lesser degree (Fig. 6E) . The sVEGFR1/sFlt1 splice variant transcript levels were unaffected by dll-specific N1 1-13 decoy (Fig. 6E) . We validated these findings by ElISA using conditioned media from hUVEcs expressing different N1 decoys, J1Kd, or a constitutively signaling NoTch1 intracellular domain (N1Ic). The level of sVEgFR1/sFlT1 in the media was significantly increased with N1 10-24 and N1 1-24 decoys or JAg1 knockdown, and unaffected by N1 1-13 decoy or N1Ic (Fig. 6F) .
This complex regulation of VEgFR1/sFlT1 levels by JAgmediated signaling was also seen in N1 decoy-treated tumors. A significant increase in VEgFR1/sFlT1 was observed in N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and N1 1-24 decoy-treated Mm5MT-FgF4 tumors ( Fig. 6g and h) . A diffuse and nonvascular staining pattern observed in N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and N1 1-24 decoy-treated tumors was indicative of increased soluble VEgFR1/sFlT1 (Fig. 6g) . As sVEgFR1/sFlT1 functions as a competitive antagonist of VEgF-VEgFR2 signaling, the decrease in tumor angiogenesis we observed in the N1 10-24 and N1 1-24 decoy-treated tumors may arise due to decreased VEgFR2 signaling.
We investigated the role of sVEgFR1/sFlT1 as a downstream effector of JAg-induced NoTch signaling. hUVEcs were generated with sVEGFR1/sFlt1 shRNA (sFlT1 Kd) or scrambled shRNA (Scr), and N1 decoys or Fc, and the hUVEc bead sprouting angiogenesis assay was performed. N1 1-13 decoy/Scr hUVEcs had increased branching relative to control, whereas N1 1-24 or N1 10-24 decoy/Scr or Fc/J1Kd hUVEcs had significantly reduced endothelial branching ( Fig. 7A and B) . coexpression of sFlt1 shRNA with N1 1-24 , N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , or JAG1 shRNA rescued endothelial branching inhibition elicited by JAg inhibition (Fig. 7A and B) . sFlT1 knockdown consistently suppressed sFlT1 levels in hUVEcs with JAg inhibitors to basal levels (Fig. 7c ). These results demonstrate that the antiangiogenic effects of JAg blockade by either N1 1-24 decoy, N1 10-24 decoy, or JAG1 shRNA likely result from an increase in sVEgFR1/sFlT1 secretion.
NotCh1 Decoys Elicit limited Gastrointestinal, hepatic, and Renal toxicity Compared with Gamma-Secretase Inhibition
Intestinal goblet cell hyperplasia occurs in mice treated with gSIs, or combined NoTch1/NoTch2 blockade (29, 31) , and represents a potential dose-limiting toxicity of gSI use in the clinic. our animal studies with N1 1-13 , N1 1-24 , or N1 10-24 decoys showed only a modest increase in goblet cell numbers, less than 2-fold, in the intestines of tumor-bearing mice, at the end of the 3-week experiment ( Supplementary  Fig. S9A and S9B ). In contrast, gSI (compound E) treatment for only 5 days resulted in a 5-fold increase in goblet cells ( Supplementary Fig. S9A and S9B). consistent with this mild intestinal phenotype, weight loss was not observed in N1 decoy variant-expressing, tumor-bearing mice (Supplementary Fig. S9c ). These results suggest that N1 decoy expression levels capable of eliciting antioncogenic activity do not cause significant intestinal toxicity.
We observed no significant effects on levels of markers of hepatic damage (Supplementary Fig. S10 ). histopathologic analysis of the livers of mice infected with N1 1-13 decoyexpressing adenovirus demonstrated signs of minor sinusoidal dilation, whereas treatment with all other N1 decoys had no effect (Supplementary Fig. S11A ). No changes in renal histomorphology were appreciable in any of the Fc-or N1 decoy-treated mice (Supplementary Fig. S11B ). We conclude that NoTch decoys represent a class of alternative NoTchtargeting agents for antiangiogenic therapy with minimal gastrointestinal toxicities.
DiscUssiON
NoTch proteins require EgF-like repeats 11 and 12 and calcium ions to interact productively with ligands (26, 32) . Since the discovery of mammalian NoTch1 (33), decades of study have yet to uncover domains of NoTch that can distinguish JAg-class versus dll-class ligand interactions. By fusing different regions of the NoTch1 extracellular domain to human Fc, we developed NoTch1 decoy proteins that selectively interact with either JAg-versus dll-class NoTch ligands and thus inhibit productive NoTch signaling. Using NoTch1 decoys, we discovered unique downstream signaling events in endothelial cells dependent on dll-versus JAg-mediated NoTch signaling. Specifically, dll blockade reduced total VEgFR1 levels, whereas JAg blockade selectively increased the soluble splice variant sVEgFR1/sFlT1. The therapeutic potential of the NoTch1 decoys was assessed in mouse tumor models, focusing on the effects on inhibiting . sVEGFR1/sFLt1 knockdown (KD) rescues antiangiogenic effects of N1 decoys that block JAG. A, day 7 assessment in the hUVEc capillary sprouting assay, using hUVEcs transduced by different combinations of lentiviruses. Fc was used as control for N1 decoy overexpression, and scrambled shRNA (Scr) as control for sVEGFR1/sFLt1 or JAG1 (J1) KD; scale bars, 200 μm. B, quantification of the mean number of branch points per bead ± SD. C, sVEGFR1/sFLT1 qRt-PcR ± SD. B and C, *, P < 0.05; **, P < 0.005. Fibrin bead sprouting assays were performed in triplicate. dll-class, JAg-class, or both classes of ligands. We found that all classes of ligand blockade inhibited tumor growth with minimal intestinal toxicity. Although both dll-class and JAg-class NoTch inhibitors disrupted tumor angiogenesis, they did so by distinct mechanisms. dll/NoTch blockade caused a hypersprouting phenotype resulting in dysfunctional, poorly perfused tumor vessels, whereas JAg/NoTch blockade increased sVEgFR-1 levels, reducing tumor angiogenesis and perfusion. JAg/NoTch blockade additionally disrupted pericyte association with the tumor endothelium. We conclude that blockade of JAg/NoTch represents a distinct and novel therapeutic approach to inhibit tumor growth, resulting in reduced tumor angiogenesis and vessel functionality, while being tolerated by mice.
These studies shed new light on NoTch signaling in the endothelium. We demonstrated that JAg-NoTch and dllNoTch signaling have overlapping and unique molecular targets in endothelial cells. Pan-ligand N1 1-24 decoy, dllspecific N1 1-13 decoy, and JAg-specific N1 10-24 decoy all reduced the mRNA levels of NoTch targets hEY1, hEYl, hES1, and VEGFR3, and increased VEGFR2, suggesting that these genes are targets of both dll-NoTch and JAgNoTch signaling. Analysis of NoTch regulation of soluble VEgFR1/sFlT1, an antiangiogenic agent that functions as a decoy receptor for VEgF (34) , revealed ligand-specific responses. dll-specific N1 1-13 decoy reduced expression of VEGFR1, and this correlated with decreased expression of the NoTch target and transcriptional repressor hEY2. JAgspecific N1 10-24 decoy increased sVEGFR1/sFlt1 levels.
Unlike dll4, the exact role of JAg1 in angiogenesis has been elusive. Endothelial JAg1 has been shown to reduce endothelial dll4-NoTch signaling when NoTch is modified by Manic Fringe (24) . In support of this model, endothelial-specific loss of JAg1 increased expression of NoTch targets hEY1 and hES1 in the retinal endothelium and reduced retinal vascular density (24) . Although consistent with previous studies where loss of endothelial JAg1 reduced retinal angiogenic sprouting (23, 24) , the mechanism of action we uncovered demonstrates that JAg-class ligands can be positive effectors of endothelial NoTch signaling and elicit a proangiogenic response. We found that JAg1 activates NoTch signaling in endothelial cells to suppress sVEgFR1/ sFlT1 levels, thus promoting angiogenesis. In fact, expression of N1 10-24 decoy suppressed sprouting angiogenesis in vitro, similar to that observed for JAg1 knockdown, which was reversed by using an sVEGFR1/sFlt1 shRNA. This mechanism is consistent with the significant elevation of sVEgFR1/sFlT1 levels and reduced vascular density observed in tumors treated with N1 10-24 decoy. Thus, the antiangiogenic phenotype observed for JAg-specific NoTch1 decoys in the in vitro sprouting assays and tumor xenografts is likely a result of increased levels of sVEgFR1/sFlT1. our studies do not exclude the possibility that JAg-NoTch signaling may be both pro-and antiangiogenic and this may depend on the modification state of NoTch. When JAg1 is an activating ligand, endothelial cells would respond by reducing sVEgFR1/sFlT1, whereas if NoTch is modified by Manic Fringe and less responsive to JAg1, increased dll4-NoTch signaling would restrict sprouting and branch point formation. Thus, the particular role of endothelial JAg1 in angiogenesis is likely context dependent, differing based upon the levels and glycosylation state of endothelial NoTch, or the cell-type presenting JAg1 to endothelial NoTch. Tumor cells that overexpress JAg1 have been shown to promote tumor angiogenesis in mice (25, 35) . Thus, tumor-derived JAg1 could serve as an angiogenic stimulus and may contribute to resistance to VEgF blockade. Selective inhibition of JAg-mediated NoTch signaling is thus an important therapeutic approach to prevent tumor-or endothelial-derived JAg1 function.
JAg1-specific inhibition disrupted vascular mural cells associated with neonatal retinal and tumor vessels, revealing another role for JAg-NoTch signaling in angiogenesis. N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] decoy reduced vascular smooth muscle cell coverage in arterioles of neonates and disrupted pericyte association with the tumor endothelium. Both observations are consistent with previous studies that showed that JAg1-NoTch interactions are required for proper smooth muscle cell differentiation on arteries (23, 24). NoTch regulates a wide range of signaling molecules that promote endothelial-mural cell interactions (36) . Endothelial JAg1 signals to NoTch3 in mural cells to promote vascular smooth muscle cell differentiation (37) . Pericytes and vascular smooth muscle cells can produce VEgF-A, which is known to promote endothelial cell survival (38) . We propose that deregulation of pericyteendothelial interactions by JAg blockade contributes to vessel instability observed in tumors. The two major effects of N1 10-24 decoy on tumor vessels, disruption of tumor endothelial pericyte coverage and elevated sVEgFR1/sFlT1, have the combined effect of destabilizing tumor vessels and reducing VEgF-VEgFR2 signaling in tumor endothelium. We propose that this double antiangiogenic mechanism underlies the potent antitumor effect of JAg blockade.
The N1 1-13 decoy represents a therapeutic entity that functions similarly to dll4-blocking antibodies. Blockade of dll4/NoTch leads to increased endothelial cell proliferation and increased tip cells, ultimately causing incomplete angiogenesis and poor vessel perfusion (5, 6, 28, 39) . The dll-specific N1 1-13 decoy identified EgF-like repeats 1 to 13 as critical for dll-class ligand association and proved to function as a tumor inhibitor that resulted in poor vessel perfusion. N1 1-13 decoy caused elevation of VEgFR2 and a reduction of VEgFR1, a change that is proposed to underlie the hypersprouting phenotype caused by dll4 blockade (40) . Thus, the angiogenic phenotype of N1 1-13 decoy matched the biochemical activity predicted of a dll4 inhibitor.
By developing N1 decoys that block both dll-and JAg-class ligands and N1 decoys selective for each class, we were able to compare the effects of combined dll and JAg blockade with ligand-class selective blockade. Similar to N1 10-24 decoy, N1 1-24 decoy blocked endothelial network formation during in vitro angiogenesis and increased sVEgFR1/sFlT1 levels in hUVEc cells, albeit not as strongly as N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] decoy. however, in retinal angiogenesis, treatment with the N1 1-24 decoy displayed a mixed phenotype. N1 1-24 decoy caused hypersprouting consistent with dll4 blockade, but reduced mural cell coverage consistent with JAg blockade. In tumors, N1 1-24 decoy phenocopied N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] A major adverse effect of NoTch blockade using gSIs (31) or combined NoTch1/NoTch2 blocking antibodies (29) is compromised gastrointestinal function. We found that N1 1-13 , N1 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , N1 1-24 decoys were effective against four different tumor types and induced only minimal goblet cell metaplasia relative to gSI treatment, and were well tolerated by mice for 3 weeks, in which time gSI treatment could already be seen to cause adverse severe gastrointestinal effects. dll4 blockade has also been found to have potential adverse events due to the hypersprouting in normal tissue vasculature (7) . consistent with this, we found that mice treated with the dll-class inhibitor (N1 1-13 decoy) showed signs of minor hepatic angiogenic dysfunction in the form of dilated hepatic sinusoids, though this effect was slight and did not result in significant serum elevation of marker enzymes associated with hepatic damage. conversely, the JAg-class N1 10-24 decoy and pan-ligand N1 1-24 decoy did not exhibit this effect on hepatic sinusoids. Furthermore, as the JAg-class inhibitor blocked angiogenesis, one may anticipate that hypersprouting in normal tissues will likely not occur with N1 10-24 decoy even with longer treatments. By developing a novel set of therapeutic agents that block either dll-or JAg-class NoTch ligands that are efficacious against tumors and lack severe toxicity in mice, the stage is set to advance NoTch decoys for assessment in the clinic.
MethODs
Endothelial and Cancer Cell Lines
hUVEcs isolated from human umbilical veins (IRB-AAAE4646) were grown in EgM-2 Media (lonza). The hela, 293T, Mm5MT, llc, cho, and B16-F10 cells were obtained in 2008 from the ATcc, and KP1 from the health Science Research Resource Bank in 2005. cell lines were passaged for less than 5 months following resuscitation and were not authenticated. cancer cells were maintained in dMEM, 10% FBS, and 100 U/ml of penicillin-streptomycin.
NotCh Reporter Assay
pBoS-NoTch1, pgl3-11cSl-luc, and Renilla or either pcRIIIJAg1-FlAg, pcRIII-dll4-FlAg, or pcRIII-gFP-FlAg were introduced to hela cells with Effectene (Qiagen). Twenty-four hours later, receptor-and ligand-expressing hela cells were cocultured in a 24-well plate. luciferase activity was measured 24 hours after coculture, using the dual-luciferase Reporter Assay System (Promega). Assays were performed in triplicate.
Coimmunoprecipitation
N1 decoys and full-length dll4-FlAg or JAg1-FlAg were cotransfected into 293T cells. Twenty-four hours after transfection, 20 nmol/ml of disuccinimidyl glutarate (Thermo Fisher Scientific) was added to the culture, incubated for 30 minutes, and quenched with 10 mmol/l Tris for 15 minutes. N1 decoy complexes were pulled down with Protein A/g Agarose and 50 μmol/ml of dithiothreitol was added to purified proteins and boiled for 5 minutes to reverse the crosslink.
Sprouting Angiogenesis Assay
The fibrin gel sprouting angiogenesis assay has been previously described (27) . hUVEcs were adhered to cytodex 3 dextran beads (gE healthcare Bio-Sciences corp.) at 400 cells per bead and embedded in a fibrin clot composed of 2 mg/ml fibrinogen, 0.15 U/ml aprotinin, and 0.0625 U/ml thrombin (Sigma-Aldrich) in a 24-well plate. After 1 hour, detroit 551 fibroblasts (ATcc) were seeded on top of the fibrin gel and cultures allowed to grow for 7 days. Experiments were performed in triplicate.
Mouse husbandry
c57Bl/6 mice and Ncr nude mice were purchased from the NcI (Frederick, Md) and maintained in the barrier facility at the Irving cancer Research center at columbia University. All mouse studies were performed in accordance with the guide for the care and Use of laboratory Animals of the National Institutes of health and were approved by the Institutional Animal care and Use committee of columbia University (protocols Ac-AAAB8961 and Ac-AAAd3700).
Retinal Analysis c57Bl/6 mice postnatal day 2 (P2) pups were s.c. injected with 2.5 × 10 8 focus forming unit (ffu) adenoviruses encoding N1 decoys or Fc. Eyes were isolated at P5 and fixed in 4% paraformaldehyde (PFA). For adults, 5 × 10 8 ffu N1 decoy adenovirus was administered via retroorbital i.v. injection to 4-to 6-week-old female Ncr nude mice, and eyes were isolated 21 days later. dissected retinas were permeabilized with 1% BSA and 0.5% Triton X-100 in 1x PBS at room temperature for 2 hours and subsequently washed three times in PBlEc buffer (1%Tri-ton X-100, 0.1 mmol/l Mgcl 2 , 0.1 mmol/l cacl 2 , 0.1 mmol/l Mncl 2 in 1x PBS ph6.8). For immunofluorescence, retinas were incubated with Biotin-conjugated isolectin B4 (Vector laboratories) detected with streptavidin-conjugated Alexa Fluor 488 (Invitrogen), and cy3-conjugated αSMA (Sigma-Aldrich) washed with PBlEc, post-fixed with 4% PFA, and mounted. Images were acquired using a laser scanning confocal Zeiss lSM 510 Meta microscope and lSM software.
Quantitative Real-time PCR
RNA was collected using the RNeasy Mini Kit (Qiagen) and treated with dNase I for 30 minutes, and cdNA was synthesized with the SuperScript First-Strand Synthesis System for RT-PcR (Invitrogen). PcR reactions were done with Absolute Blue QPcR SYBR green Mix (Thermo Fisher Scientific).
tumor Experiment
Mm5MT-FgF4 cells (1.0 × 10 5 ), KP1-VEgF cells (2.0 × 10 6 ), llc cells (5.0 × 10 5 ), or B16-F10 cells (5.0 × 10 5 ) were s.c. implanted into the upper flank of 4-to 6-week-old female Ncr nude mice. Three days later, 5 × 10 8 ffu N1 decoy adenovirus was administered via retro-orbital i.v. injection. Tumors were harvested and weighed at day 21. To measure hypoxia, 60 mg/kg hypoxyprobe-1 (hypoxyprobe, Inc.) was injected i.p. 30 minutes before sacrifice, and sections were immunostained with an anti-hypoxyprobe antibody. To assess vessel perfusion, 100 μg of fluorescein lycopersicon esculentum lectin (Vector laboratories) was intracardiac injected into the left ventricle, and mice were perfused with 1% PFA after 2 minutes. lectin bound to the endomucin-positive endothelial cell surface was scored as a perfused vessel.
tissue Analysis in Mice Expressing N1 Decoys
For intestinal toxicity, duodena were harvested at the time of tumor harvest. For renal and liver toxicity, adenovirus was retroorbitally administered to 4-to 6-week-old Ncr nude mice, and serum and tissue were harvested after 21 days. duodena and kidney sections were Periodic Acid-Schiff stained. liver sections were stained by hematoxylin and eosin. Serum was sent for liver panel analysis to ANTEch diagnostics. Statistical analyses were performed using the nonparametric t test or one-way ANoVA, as indicated.
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